Ribosomal proteins are synthesized in the cytoplasm, before nuclear import and assembly with ribosomal RNA (rRNA). Little is known about coordination of nucleocytoplasmic transport with ribosome assembly. Here, we identify a transport adaptor, symportin 1 (Syo1), that facilitates synchronized coimport of the two 5S-rRNA binding proteins Rpl5 and Rpl11. In vitro studies revealed that Syo1 concomitantly binds Rpl5-Rpl11 and furthermore recruits the import receptor Kap104. The Syo1-Rpl5-Rpl11 import complex is released from Kap104 by RanGTP and can be directly transferred onto the 5S rRNA. Syo1 can shuttle back to the cytoplasm by interaction with phenylalanine-glycine nucleoporins. X-ray crystallography uncovered how the a-solenoid symportin accommodates the Rpl5 amino terminus, normally bound to 5S rRNA, in an extended groove. Symportin-mediated coimport of Rpl5-Rpl11 could ensure coordinated and stoichiometric incorporation of these proteins into pre-60S ribosomes.
R
ibosomes perform their role in translation in the cytoplasm, but ribosome assembly occurs predominantly in a specialized nuclear compartment, the nucleolus (1-4). The construction of ribosomes follows an ordered assembly of~80 ribosomal proteins (r-proteins) and four ribosomal RNAs (rRNAs) into a small (40S) and large (60S) ribosomal subunit. This process is spatially and temporally coordinated, starting with cotranscriptional assembly of a first preribosomal particle (90S) in the nucleolus that is subsequently separated into pre-40S and pre-60S ribosomes, which follow independent processing and maturation steps before export into the cytoplasm (5) (6) (7) (8) . R-proteins are synthesized in the cytoplasm and are imported into the nucleus by nuclear import receptors of the importinb/karyopherin family (9, 10). These transport receptors recognize different types of nuclear localization sequences (NLSs), and hence a number of import receptors have been implicated in decoding NLSs of r-proteins in a redundant way (9, 11) . After nuclear import and before incorporation into nascent ribosomes, r-proteins are released from the transport receptor by its interaction with RanGTP (12) . At present, it is thought that each r-protein is individually transported into the nucleus by its import receptor. However, a number of r-proteins form functional clusters on the ribosomal surface or assemble at distinct temporal or spatial entry points during ribosome formation (13) (14) (15) , thus raising the possibility of coordinated nuclear import and assembly of r-proteins.
One such pair of functionally related r-proteins is Rpl5 and Rpl11, which are close to each other on the mature 60S subunit and bind to opposite sites on the 5S rRNA ( Fig. 1A) (13) . 5S rRNA transport has been extensively studied in the Xenopus oocyte system. However, this is a special case because 5S rRNA is exported into the cytoplasm for storage, either with ribosomal protein L5 [5S ribonucleoprotein (RNP)] or transcription factor IIIA (7S RNP) (16, 17) . In contrast, 5S rRNA export may not occur in somatic cells, and only a few studies have addressed 5S RNP biogenesis in this case. One of these investigations reported that yeast Rpl5 and Rpl11 form a ribonucleoprotein particle with the 5S rRNA that could be incorporated with the aid of two biogenesis factors, Rpf2 and Rrs1, into pre-60S ribosomes (18) . However, it is not known how Rpl5 and Rpl11 enter the nucleus and whether this is coordinated with their assembly onto the 5S rRNA. We performed tandem affinity purification (TAP) of TAP-tagged Saccharomyces cerevisiae Rpl5 and observed coenrichment of Rpl11 and the uncharacterized yeast protein Ydl063c (Fig. 1B, lane 1) . Ydl063c, which we named Syo1 (for synchronized import or briefly symportin), is present in all eukaryotes, including the eukaryotic thermophile Chaetomium thermophilum and Homo sapiens. Reciprocal tagging of Syo1 with Flag-tobacco etch virus-protein A and subsequent affinity purification revealed copurification of Rpl5 and Rpl11, but not other r-proteins (Fig. 1B, lane 2) .
Yeast two-hybrid (Y2H) assays indicated that Syo1 binds both Rpl5 and Rpl11 (Fig. 1C) . To further dissect these interactions and gain highresolution structural data, we performed in vitro reconstitution studies with Syo1, Rpl5, and Rpl11 from the thermophilic fungus C. thermophilum (ct) (19) , owing to their improved biochemical properties compared to the orthologous S. cerevisiae proteins. These investigations demonstrated that ctSyo1 can bind to either ctRpl5 or ctRpl11 (Fig.  1D ). Moreover, it was possible to reconstitute the heterotrimeric ctSyo1-ctRpl5-ctRpl11 complex, and size exclusion chromatography in line with static light scattering and refractive index measurements revealed a 1:1:1 stoichiometry of the three components ( Fig. 1E and table S1 ). Likewise, we assembled a stoichiometric complex between yeast Syo1 and Rpl5 expressed in Escherichia coli ( fig. S1B ), but expression of yeast Rpl11 yielded largely insoluble protein, which hindered binding studies with Syo1. Taken together, in vivo and in vitro analyses demonstrated that Syo1 can simultaneously bind Rpl5 and Rpl11 to form a heterotrimeric Syo1-Rpl5-Rpl11 complex.
To gain further insight into the in vivo role of Syo1 with respect to the Rpl5-Rpl11 interaction, we returned to the yeast system. Dot spot growth analysis showed that cells with chromosomally disrupted SYO1 (syo1Δ) were viable, but exhibited reduced cell growth, especially at lower temperatures (Fig. 1F) . Analysis of ribosome and polysome profiles of syo1Δ cells showed a significant reduction of free 60S subunits relative to 40S subunits, and consequently, the appearance of half-mer polysomes was observed (Fig. 1G) . Subsequent genetic analyses revealed a functional link between Syo1 and Rpl5, as evidenced by (i) synthetic lethality between syo1Δ and rpl5 alleles, (ii) high-copy suppression of the cold-sensitive syo1Δ phenotype by RPL5, and (iii) a complete rescue of the slow-growth or lethal phenotypes of distinct rpl5 mutant alleles (e.g., rpl5L104S) by Syo1 overexpression (Fig. 1H and fig. S2 ). Together, these data point to a role for Syo1 in ribosome synthesis, possibly by facilitating assembly of Rpl5-Rpl11 onto the pre-60S subunit.
To obtain insight into the function of Syo1 at the atomic level, we determined the crystal structure of ctSyo1 at 2.1 Å resolution by singleanomalous dispersion (SAD) (table S2). Syo1 forms an all a-helical elongated superhelix or a-solenoid ( Fig. 2A) , which is typical for nuclear transport receptors (20, 21) . Whereas importin-a, the import adaptor for classical NLSs, exclusively contains ARM repeats, importin-b transport receptors are exclusively composed of HEAT repeats. Syo1 is an unusual chimera of four complete ARM repeats (residues 65 to 260) followed by six HEAT repeats (residues 274 to 675), whose inner surfaces form an extensive groove (Fig. 2 , A and B). Karyopherins contain binding sites for NLSs and phenylalanine-glycine (FG) repeats of nucleoporins on their inner and outer a-solenoid surfaces, respectively (22) . By analogy, Syo1 may act as a nuclear import receptor or adaptor by binding to a linear motif of Rpl5 or Rpl11 and/or interacting with FG repeats.
Rpl5 is composed of a globular domain flanked by N-and C-terminal extensions that clamp the 5S rRNA within the 60S subunit (13) (see also Fig. 1A ). Y2H analyses and in vitro binding assays revealed that the N-terminal 41 amino acids of Rpl5 (L5-N) are required and sufficient for a robust interaction with Syo1 ( fig. S1 ). To gain structural insight into the Syo1-Rpl5 interaction, we determined the crystal structure of ctSyo1 in complex with ctL5-N at 2.95 Å resolution by molecular replacement using the ctSyo1 structure as the search model (Fig. 2, B and D, and table S2). The side chains and main-chain carbonyls were well defined in the electron density map, and residues 2 to 20 of ctRpl5 could be unambiguously traced ( S4 ). L5-N binding to Syo1 seems to slightly "open" the a-solenoid structure of Syo1, which could be of functional relevance but may also reflect a crystal-packing artifact. Taken together, the mode of Rpl5 recognition by Syo1 is reminiscent of the interaction between linear motifs (e.g., from
Nup2) and the a-solenoid surface of importin-a (23, 24) ( fig. S5 ).
In the case of Rpl11, we could not restrict the primary sequence into a linear motif that efficiently binds to Syo1. This implies that the interaction between Rpll1 and Syo1 could be more complex, possibly involving part of the Rpl11 fold (see Fig. 1A for Rpl11 structure). To determine the Rpl11 binding surface on Syo1, we performed 1 H/ 2 H exchange mass spectrometry (HX-MS) labeling experiments. Specifically, free ctSyo1 and the ctSyo1-ctRpl11 heterodimer were, after completion of the HX labeling, digested with pepsin, and the resulting peptide fragments were analyzed by electrospray ionization-mass spectrometry. Only the very C-terminal part of the ctSyo1 disordered loop (residues 395 to 408) showed a decrease in deuterium incorporation upon ctRpl11 binding, indicating shielding of this ctSyo1 region ( fig. S6A ). Consistent with these data, deletion of residues 393 to 397 in the disordered loop abolished binding to ctRpl11 (fig. S6, B and C) . Moreover, Y2H assays indicated that the ARM domain of Syo1 contributes to Rpl11 binding ( fig. S7) . From these results, we conclude that the disordered loop of Syo1 in conjunction with the ARM domain provides the interaction site for Rpl11 (for a model, see fig. S8 ).
To act as import receptor, Syo1 must pass through the hydrophobic FG-meshwork of the nuclear pore complex (NPC) transport channel. Shuttling karyopherin transport receptors do so by binding with low (micromolar) affinity to FG repeats of nucleoporins (12, 25) . We found that Syo1 and ctSyo1 bind to FG-rich repeats of distinct nucleoporins with a binding constant in the low micromolar range (Fig. 3, A and B, and fig.  S9, A and B) . Moreover, Syo1 can translocate into the nucleus on its own in the absence of cytosol, which provides karyopherin transport receptors and RanGTP, when tested in an in vitro nuclear import assay with permeabilized HeLa cells (26, 27) (Fig. 3C and fig. S9 , C and D). In agreement with translocation across the NPC channel, Syo1 did not show nuclear accumulation when permeabilized HeLa cells were incubated with wheat germ agglutinin (WGA), a specific inhibitor of nucleocytoplasmic transport that sterically blocks the FG-repeat meshwork of the NPC transport channel (Fig. 3E and fig. S9,  C and D) . Thus, Syo1 can directly pass through the NPC by low-affinity interaction with FG repeats of NPC-channel nucleoporins.
However, and in contrast to ctSyo1 alone, the reconstituted ctSyo1-ctRpl11, ctSyo1-ctRpl5, and ctSyo1-ctRpl5-ctRpl11 complexes were inefficiently imported into the nucleus in the absence of cytosol and energy (Fig. 3C and fig. S10B ). Consistent with this observation, the ctSyo1-ctRpl11 and ctSyo1-ctRpl5-ctRpl11 complexes, and to a lesser extent the ctSyo1-ctRpl5 complex, exhibited reduced binding to FG repeats (Fig. 3B  and fig. S10C ), suggesting that recruitment of Rpl5/Rpl11 masks or alters the FG-binding site(s) on Syo1. Notably, nuclear import of the ctSyo1-ctRpl5-ctRpl11 complex was markedly stimulated by addition of cytosol and energy (Fig. 3C ), but did not occur at 4°C or in the presence of WGA or the guanosine triphosphatase (GTPase)-deficient Ran(Q69L) mutant (28) (Fig. 3, D and E) . Thus, we conclude that a RanGTP-dependent importin-b transport receptor mediates nuclear import of the Syo1-Rpl5-Rpl11 complex. Moreover, Syo1, released from Rpl5 and Rpl11 after nuclear import, could shuttle back to the cytoplasm on its own. In support of this possibility, Syo1 alone traverses the NPC in both directions in permeabilized HeLa cells (Fig. 3 and fig. S9 ), and Syo1-GFP (green fluorescent protein) is located both in the nucleus and cytoplasm in yeast cells (fig.  S12, C and D) .
To identify the import receptor of the Syo1-Rpl5-Rpl11 complex, we took advantage of the observation that low amounts of Kap104 were sometimes coenriched when Syo1 was affinitypurified from yeast ( fig. S11A ). Kap104 is a member of the conserved karyopherin-b2/transportin receptor subfamily (9) , which recognizes a nonclassical NLS of the hydrophobic or basic prolinetyrosine (PY)-NLS type with the C-terminal consensus signature R/K/H-X 2-5 -P-Y/L (29, 30) ( fig. S11B) . Notably, Syo1 contains a conserved putative basic PY-NLS at its N terminus. In vitro binding assays revealed that this PY-NLS is necessary and sufficient for the interaction of Syo1 with Kap104 ( fig. S11C and fig. S12A ). Moreover, the PY-NLS can target an attached GFP reporter into the nucleus in vivo and is required for the in vivo function of Syo1 and nuclear localization of Syo1-GFP ( fig. S11D and fig.  S12 , B and C). Consistent with the proposal that Kap104 is the predominant import receptor of Syo1, we could not observe nuclear accumulation of Syo1-GFP in temperature-sensitive kap104-16 mutant cells (31) (fig. S12D) .
To test the model of Kap104 as the principal transport receptor for a trimeric import complex comprising Syo1-Rpl5-Rpl11, we reconstituted the α α α α α α α interaction of Kap104 with this complex using recombinant proteins derived from either C. thermophilum or yeast (Fig. 4A and fig. S12E ). Size-exclusion chromatography revealed formation of a stable ctKap104-ctSyo1-ctRpl5-ctRpl11 import complex (Fig. 4A ) with a 1:1:1:1 stoichiometry of the four components, as determined by static light scattering and refractive index measurements (table S1 ). Addition of RanGTP was sufficient to release the trimeric ctSyo1-ctRpl5-ctRpl11 cargo complex from ctKap104 (Fig. 4B) . These findings indicate that Syo1 can serve as the import adaptor for Rpl5-Rpl11 with Kap104 as the cognate import receptor for the heterotrimer. Given that Syo1 is not an essential protein, it is apparent that alternative import routes for Rpl5 and Rpl11 must exist, which could involve other transport receptors or diffusion across the NPC. After nuclear transport and RanGTP-mediated release of Syo1-Rpl5-Rpl11 from Kap104, the complex could be transferred onto the newly synthesized 5S rRNA in the nucleus. To test the possibility of a direct transfer in vitro, we produced C. thermophilum 5S rRNA by in vitro transcription and added it to the preformed ctSyo1-ctRpl5-ctRpl11 complex (Fig. 4, C and D) . This binding assay revealed that 5S rRNA was efficiently bound to ctSyo1-ctRpl5-ctRpl11, as evidenced by a strict coelution of heterotrimer and rRNA on the gel filtration column (Fig. 4D) . In contrast, 5S rRNA alone eluted in later fractions from this column. Thus, 5S rRNA can directly bind to the Syo1-Rpl5-Rpl11 complex. Removal of Syo1 from the 5S rRNP likely occurs at a subsequent maturation step, possibly during incorporation of the 5S RNP into preribosomal particles, which may require also other factors, such as Rpf2 and Rrs1 (18) .
Our study has uncovered a mechanism that allows simultaneous nuclear import of more than one cargo, coupling nucleocytoplasmic transport The ct5S rRNA and ctSyo1-ctRpl5-ctRpl11 form a stable complex on size exclusion chromatography. Size exclusion chromatogram for free ct5S rRNA and the ct5S rRNA-ctSyo1-ctRpl5-ctRpl11 complex at two different wavelengths [i.e., 260 nm (red) and 280 nm (blue), upper panel]. SDS-PAGE of the peak fractions stained with Coomassie (middle panel) and ethidium bromide (lower panel) to detect the proteins and the 5S rRNA, respectively, present in the ct5S rRNA-ctSyo1-ctRpl5-ctRpl11 complex. (E) The transport adaptor Syo1 synchronizes nuclear import of Rpl5 and Rpl11. Syo1 simultaneously interacts with Rpl5 and Rpl11 in the cytoplasm, thus enabling formation of a tetrameric Kap104-Syo1-Rpl5-Rpl11 import complex. RanGTP binding to Kap104 in the nucleus promotes release of the trimeric Syo1-Rpl5-Rpl11 complex, which recruits the 5S rRNA. Rpl5, Rpl11, and the 5S rRNA are then incorporated with the aid of assembly factors (not shown) into pre-60S ribosomes. See text for details.
to stoichiometric assembly of proteins into macromolecular machines. Key to this mechanism is a nuclear import adaptor, Syo1, that specifically recruits the two functionally and topologically linked r-proteins Rpl5 and Rpl11. It guarantees that this cargo pair remains bound together from the time of synthesis in the cytoplasm until delivery to the nascent 5S rRNA in the nucleus (see Fig. 4E ). In the broader sense, synchronous nuclear transport of topologically linked and/or functionally related cargo may represent a general strategy to streamline downstream nuclear processes that depend on temporally or spatially controlled assembly steps.
